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ANALYSIS OF A TYPE II THERMAL PROBLEM INVOLVING A
VISCOELASTIC BEAM

JACOBO BALDONEDO, JOSE R. FERNANDEZ*, AND RAMON QUINTANILLA

Abstract. In this work, we will study, from both analytical and numerical points of view, a
nonlocal problem involving a thermoviscoelastic beam which has been modeled by using the type
I thermal law. In the first part, we will show that this problem has a unique solution and that the
solutions decay exponentially by using the theory of linear semigroups. We will also prove that the
semigroup of contractions is not differentiable and the impossibility of localization, that is, we will
obtain that the unique solution which can vanish in an open nonempty set is the null solution.
In the second part, we will focus on the numerical approximation of a variational formulation
of the thermomechanical problem. By using the finite element method and the implicit Euler
scheme to approximate the spatial variable and to discretrize the time derivatives, respectively,
a fully discrete scheme will be introduced. Then, we will prove a discrete stability property and
we will provide an a priori error analysis. The linear convergence of the approximations will be
deduced whenever the continuous solution is regular enough. Finally, some numerical results will
be presented to demonstrate the numerical convergence and the exponential decay of the discrete
energy.

Key words. Viscoelastic beam, type II thermoelasticity, finite elements, a priori error estimates,
numerical simulations.

1. Introduction

The study of thermoelastic materials has received a large number of contributions
dealing with both quantitative or qualitative aspects. In these studies, we can
find results about the existence, uniqueness and stability as well as the numerical
behavior of the solutions. In this sense, it is suitable to recall several contributions
concerning plate thermoelastic problems [1, 2, 3, 4, 10, 12, 13, 17, 18, 20, 22].
In these references, the conservative component is mechanical and the dissipative
aspect is thermal. The objective of this work is to follow these lines but it is worth
noting that, here, we consider a nonlocal thermoviscoelastic bar formulated with a
conservative heat conduction model.

Therefore, it is adequate to recall that the idea of non-locality in elasticity was
introduced by Eringen [8, 9] and that this mechanism suggests a regularization of
the solutions [11]. From the physical point of view, this is introduced to take into
account the effects at long distances.On the other hand, from the thermal point
of view, it is worth noting that Green and Naghdi proposed three thermoelastic
theories depending on the type of heat conduction (see, for details, [14, 15, 16]). In
this paper, we consider the so-called type II thermal law, which does not allow the
energy dissipation, leading to a conservative behavior. That is, in this paper we
change the role of the mechanical and thermal aspects and we consider the nonlocal
effect.

The paper is structured as follows. In the next section we will describe the
problem that we will study in this work. Then, in Sections 3 and 4 the existence
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and the energy decay of the solutions will be obtained by means of the theory of
linear semigroups, although we will also prove that the semigroup is not differen-
tiable. In Section 5, we will see that the unique solution which vanishes for every
time t > tg > 0 is the null solution. Then, in Section 6 we will focus on the nu-
merical approximation of a variational formulation of the above thermomechanical
problem. The fully discrete scheme will be provided by using the classical finite
element method to approximate the spatial variable and the implicit Euler scheme
to discretize the time derivatives. A discrete stability property and an a priori er-
ror analysis will be shown by using a discrete version of Gronwall’s inequality. The
linear convergence of the approximations will be deduced under some additional
regularity of the continuous solution. Finally, in Section 7 we will present two nu-
merical tests: the first one will demonstrate the convergence of the discrete solution
when both spatial parameter and time step tend to zero, leading to the theoretical
linear convergence. The second example will show the exponential decay of the
discrete energy.

2. Preliminaries

In this paper, we will consider a thermoviscoelastic bar which occupies the do-
main (0,7), and modeled by using the Euler-Bernoulli theory when the heat con-
duction is determined by the type II Green-Naghdi theory (see [16]).

Therefore, we will study the system:

PULt TUttzx HUgxzx ,U* Utrxxs 50%9696 - 07 :
1 m 07 ) X 0, T).
( ) COltt — ROlgpy + Butm =0 ( ) ( )

In the previous equations, T is the final time, u is the mechanical displacement and
« is the thermal displacement which satisfies oy = 6 (the temperature). We will
also consider the boundary conditions:

u(0,1) = u(m, 1) = Upg(0,1) = Upg(m,t) =0
(2) a(0,t) = a(r,t) =0

and the initial conditions:

(3)

} for a.e. t € (0,7),

u(z,0) = up(x), wus(x,0) = vo(x)

a(z,0) = ag(x), a(x,0) =0(x)
In this work, we will assume that p, 7, u, p*, ¢, K and § are constants and, in
general, that p, 7, p, u*, c and k are positive. Moreover, when we study the energy
decay of the solutions to our problem, we will also assume that 8 # 0.

We can recall that our problem is similar to the one studied analytically in
[21]. However, here we consider the inertial effects determined by the parameter 7.
Furthermore, in this work we emphasize in the numerical aspect of the problem,
which was not considered in [21].

} for a.e. z € (0,).

3. Existence of solutions

In this section, we will show the existence and uniqueness of solutions to the
problem determined by system (1), boundary conditions (2) and initial conditions
(3). First, we will write our problem as a Cauchy problem in an adequate Hilbert
space. Let us denote U = (u,v, a,0) and consider the Hilbert space:

H = H}(0,7) N H?(0,7) x H}(0,7) x H}(0,7) x L*(0,7),

where L?(0, ), Hg(0,7) and H?(0,7) represent the usual Sobolev spaces.
We can define the scalar product in H associated to the norm:

1015 = plluael* + pllvll* + 7llvall* + sllo | + 6]
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If we define the operator:

—(p— Tam)_lam(itum + Wz — BY) 7
c—lam(Za — pv)
we can write our problem in the following abstract form:
(5) Uy — AU =0, U(0) = (uo,vo, o, 00).
We observe that the domain of the operator A is defined as
D(A) ={U = (u,v,,0) € H;v € H*(0,7), 0 € Hy(0,7),
Plgy + Ve — 0 € H™H(0, ), ke — B € H?(0,7),

Mgy + 1V, vanishes at x = 0,7}

(4) AU =

Clearly, this set is dense in H.
Now, we have

(AU, U) =p1(vazs tze) + p{=(p = T022) " Oua|pptize + 1020 — B8], 0)

+ 7(=02(p = TOr2) ™ Ona itz + 11V — BO), V) + K (0, )

+ c{c 1 0ps (K — Bu), 0).
We note that

(=00 (p = T0r2) ' D[ttt + 1" V0w — B, 02)
=(0ra(p — T022) ™' O [tz + 1 02 — B6],0),
and therefore,
(AU, U) = (Vg Uz ) — (Opa[ptize + 1 Ve — O], 0) + k{04, atz) + (Opa (kax — Bv), 0).
After the use of the integration by parts, we find that

Re(AU,U) = —,u*/ |Vge|? dz < 0.
0

Now, our aim is to show that operator A generates a semigroup of contractions.
Therefore, it will be enough to show that zero belongs to the resolvent of the
operator. So, we consider the element F' = (f1, fo, f3, f4) € H. We must prove that
there exists (u,v,, ) € D(A) such that

v = f17
aaca:(,uuxx + ,U*Ux:c - ﬁe) = —(,0 - Taaca:)f27
©) 0= fo,

Oza (K — Pv) = cfy.

Of course, it is trivial to obtain v and 6. Therefore, we arrive to the following
system:

Kamxa = Cf4 + /Baszl

It is obvious that we can obtain the solutions to system (7) in an easy way and that
they belong to the domain D(A). Moreover, we find that there exists a positive
constant K such that

Ul < K|F[l, K>O0.

Therefore, we have proved the following theorem.
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Theorem 1. The operator A defined in (4) is the infinitesimal generator of a C°-
semigroup of contractions on H. Thus, for any initial data U(0) € D(A) there
exists only one solution to Cauchy problem (5) verifying

U € C'([0,00); 1) N C(]0,00); D(A)).

Remark 2. A similar result can be obtained if we change the boundary conditions
uwm(ovt) = uww(ﬂ-a t) =0 by uw(())t) = uw(ﬂ-a t) =0.

4. Energy decay of the solutions

In this section, we will show that the solutions obtained in the previous section
decay in an exponential way; that is, there exist two positive constants M and w
such that

(8) 1Tl < Me™ U (0)]|3,

whenever we assume that 5 # 0.

In order to show this property, we will use the well-known characterization of
the semigroups which are exponentially stable (see [19]). This is equivalent to show
that the imaginary axis is contained at the resolvent of the operator and that the
asymptotic condition
(9) lim [|(ivZ — A)7! < oo

|y|—=o0
holds.

We will proceed by contradiction. Thus, assume that there exists a real number
v # 0 such that ivy does not belong to the resolvent. We can guarantee the
existence of a sequence of real numbers v, — 7y and a sequence of elements U,, €
D(A), with ||Uy||3 = 1, such that

(10) Yty — v, — 0 in  H?(0,7),
i(PYnVn — TYnOzaVn) + UOrzzaltn + 11" Orseatn
(11) —B04zbn, — 0 in HY0,7),
(12) iy — 0, =0 in HY0,7),
(13) iCcYnOp — KOppOty + BOyzvn — 0 in  L2(0,7).

If we use the dissipation inequality we find that ||0,,v, || — 0 and so, we have that
| ¥ 0zztun || also tends to zero. If we multiply convergence (11) by v, *a,, € H}(0,7)
it leads

PO, Y Opwin) + W (OnxVns Vi Oz in) + B0, vy L Ony) — 0.

We can observe that v, *0,,,, is bounded. Therefore, the first two summands tend
to zero.

Since we assume 3 # 0 we conclude that «,, — 0 in H'(0,7). If we multiply
convergence (13) by «,,, we obtain that 6,, — 0 in L?(0, ).

The asymptotic condition (9) can be proved following a similar argument since
the key point is that v,, does not tend to zero.

Now, we are going to show that the semigroup generated by the solutions to our
problem is not differentiable (and so, it is not analytic). Following [7, p. 112,114],
we recall that, if a semigroup is differentiable, then the following condition

: . -1
(14) im0 - A7 =0

holds.
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Therefore, if we are able to prove that condition (14) is not satisfied, we conclude
that the semigroup is not differentiable.
To show this, we will consider the sequence (0, 0,0, sin na) and also the sequence
(Uny Un,y O,y O, satistying
Yl — Uy = 0,
Z(p’ann - T’ann,ww) + HUn, cxxx + M*vn,a::rww - Ben,ww = Oa
YnQp — On = 0,
iyt — KOy zg + BUn ze = Sinna.

This system admits solutions of the form
Uy = Cpsinnx, «, = Dpsinnz, v, =iv,C,sinnx, 6, =iv,D,sinnz.
If we substitute them into the above system, we find that
(—p7m — Py + pnt + ipynt) O + iy, Dy = 0,
_Z’B’Ynn2cn + (”WLQ - C’Yﬁ) =1,
and so, we have
_ it nnt = pys — Ty + pn
—B2End + (ipyant — py2 — py2 — Tn?yE + pnt)(kn? — )’

— c'y,QL = —ﬁ*. That is,
I

Dy,

Now, we take xkn?

Y = %712 + C/%
Therefore, it follows that
_ i ynnt — pyn — TPy + pn
 —B2Ent — (it — py2 — py2 — Tn292 + pnt)’

and so, we can conclude that

Dy,

im i, D, —
38, FinDn = 3
and
lim ||U,|| > 0.
n— oo

Since the norm of the solution to our problem does not tend to zero, it follows that
the semigroup is not differentiable (neither analytic).
The results shown in this section are summarized in the following.

Theorem 3. The solutions generated by the semigroup associated to the operator
A are exponentially stable; that is, there exist two positive constants M and w such
that the inequality (8) holds. However, the semigroup is not differentiable.

5. Impossibility of localization

In this section, we will prove that the unique solution which can vanish in an
open (not empty) set is the null solution. Therefore, it will be sufficient to show
that the backward in time problem has a unique solution. We recall that our system
of equations is written as

* * _
putt — TUttzx + Nuxxmz - ,U/ Utpzzr — ﬁ Qtpy = 07
* —
cont — KOgg + B Uige = 0,

with 8* = — 8.
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We will study this system together with the boundary conditions (2) and the
initial conditions, for a.e. = € (0, ),

up(x) = vo(x) = ap(z) = bp(z) = 0.

We will show that this problem only admits the null solution.
First, let us consider the functions

1 s
(15) Fit) = 3 / (pu? +Tur, + put, 4 ch* + nai) dx,
0
1 ™
(16) F(t) = 5/ <c92 + kaZ — pu? — Tu?, — uufm) dx,
0

and so we have

Fiy (t) = /j‘* / u?xm dr,
0

s

0

We can use the Lagrange identities to write function F(¢) in an alternative form.
For each t € (0,T") (with a given time T' > 0), we find that

// cay () (2t — ) da:dsf// Ky (8)ae (2t — s) dads

6 Utz (8) e (2t — s) dads,

/ / cay (2t — s)ay(s) dads —/ / KOz (2t — 8)ay(s) dxds

B Utz (2 — $)a(s) dads,

/ / putt (2t — s)u(s) dxds —|—/ / TUtte (26 — $)usy(s) dads

uum(% $) Utz (8 )dazds—/ / WUz (28 — 8)Utea (8) dxds

0 JO p

B Utz () (2t — 8) dxds,

/ / puzs(8)u (2t — ) dwds—i—/ / TUptr (8) Utz (2t — 8) dzds

/ Pz (8) Utz (2t — 5)dads —/ / W Ute (8) Utz (2t — 5) dxds

0 JO ‘

=— / B Utze (2t — 8)a(s) dads.
o Jo

If we combine these equalities, after the time integration and using the initial
conditions, we obtain

/ (092 + ﬂuix) dx = / (put + 71U, + Ko ) dzx.
0 0

Therefore, taking into account the previous equalities and by using integration by
parts it follows that

(17) Fr(t) = /07T (K,Oéi — uuiz> dz.
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We note that we also have

s d s
——(cab) + 692> dx = / ka2 + B Uusppar ) dr,
/0 < dt 0 ( K )

and

T/d
/0 <dt(puut + TUpUgt) — pus — Tufct> dx
T

g 1d
= — *0ppt + 2)d + —— “u? d.
/0 (B u—+ pus, | de 2di ), Wz, do

Therefore, we find that

d T *
7 /0 (%uim — pUUy — TULUL + ca@) dx

= / (ﬂ*utma - ﬁ*@um) dx + / (uufm — ka2 + ch? — pu? — Tutzz) dx.
0 0
Now, we define the function

Fo(t) = EFl(t) + Fg(t) + )\Fg(t),

where functions Fy and F, were defined previously in (15) and (17), respectively, €
is less than 1, A is a positive constant assumed large enough and

Fs(t) = / (%uiw — PUUG — TUzUgy + ca&) dx.
0

If we define the Lyapunov function

G(t) = / " Fo(s) ds,
0
we can observe that
G(t) > m /t /W (puf +Tul, + prud, + kol + 092) dz,
o Jo
whenever t < tg, for tg > 0, is small enough and after the use of the Poincaré

inequality.
We can immediately obtain that

t L t ™
Gi(t) = / / (QB*uth —(1- E)M*ufm) dxds + / / AL (Qugs — Qipyy ) dads
0, /0 o Jo
—l—)\/ / (uuim — ka2 + ch? — pu? — Tuit) dzds.
o Jo
Therefore, we conclude that
t ™
Gi(t) < mo / / (pu? + cf? + prud, + kol + T’U,it) dxds.
o Jo

In view of the Gronwall inequality it follows that
G(t) < G(0)eFt =0 for k > 0.

Since G(0) = 0 we have that u(z,t) = a(z,t) = 0 for every t < t5. Now, we can
repeat the argument from %to and we can prove that u(z,t) = a(z,t) = 0 for every
t < %to. Repeating again the argument, it leads to the proposed result.
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6. A fully discrete scheme: stability and an a priori error analysis

In this section, we will study, from the numerical point of view, the thermome-
chanical problem studied in the previous section. For the sake of generality, let us
assume that the spatial interval is (0,¢), £ > 0 being the length of the beam and
denote by (0,T") the time interval of interest, where T' > 0 is the final time.

As usual in the numerical analysis of thermoelastic problems involving beams,
we need to modify boundary conditions (2) as follows,

u(0,t) = u(l,t) = ux(0,t) = u (¢,t) =0

I8)  00,6) = alt,t) = 0

} for a.e. t € (0,7).

The reason to do it is that, when we provide the weak form of the thermomechan-
ical problem determined by system (1) with initial conditions (3) and boundary
conditions (2), its solution will be in the space H*(0, ) instead of H?(0, /).

In order to obtain the variational formulation, let Y = L2(0,¢), E = HE(0,¢)
and V = HZ(0,¢). Moreover, let us denote (-,-) and || - || the inner product and the
norm defined in L?(0,¢), respectively.

Integrating by parts equations (1) and using initial conditions (3) and the new
boundary conditions (18), we obtain the following weak formulation written using
the velocity v = u; and the temperature 6 = .

Find the velocity v : [0,T] — V and the temperature 0 : [0,T] — E such that
v(0) = v and 0(0) = 0y and, for a.e. t € (0,T) and for allw €V andr € E,

p(’Ut (t)a w) + T(Utw (t)a wm) + M(uww (t)7 wmw) + M* (vww (t); wxw)
(19) +B(02(t), wa) = p(Fi(t), w),
(20) c(0:(t),1) + Ko (t),r2) = B(va(t),r2) = p(Fa(t), 1),

where the transverse displacement and the thermal displacement are then recovered
from the relations:

(21) u(t):/o v(s) ds + ug, a(t):/o 0(s)ds + ayg.

We note that we have introduced two supply terms F; and F, to make the problem
more general, and because they will be used in the numerical simulations.

Now, a fully discrete scheme to approximate problem (19)-(21) is introduced. In
order to provide the spatial approximation, let us divide the interval [0,¢] into M
subintervals denoted by ag = 0 < a1 < ... < ap; = £. The mesh size is assumed
uniform with length h = a;4+1 — a; = ¢/M. So, the variational spaces F and V are
then approximated by the finite dimensional spaces E" C E and V" C V given by

E" = {r" € O([0,4)) ; T[};i)aiﬂ] € Pi([ai,ai41]) =0,...,M —1,
(22) r"(0) = r"(£) = 0},

Vi = {w" e C'([0,4) N H*0,¢) ; wf;i,ai+1] € Ps([a;, a;41])
(23) i=0,...,M—1, w0) = wh(t) = w"(0) = wh(¢) = 0},

where the set P.([a;, a;+1]) denotes the space of polynomials of degree less or equal
to r for each subinterval [a;,a;41], i.e. the finite element space E" is made of
continuous and piecewise affine functions and the finite element space V" by C!
and piecewise cubic functions. Moreover, we construct the discrete initial conditions

ul, vl ab and 6} in the following form:

h _ ph h _ ph h _ ph h _ ph
(24) UO — PQ UO, Uo — PQ UO, ao — Pl Oéo, 00 — Pl 90,
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where P and P are the finite element projection operators over E and V", which
can be found in [6].

Secondly, to provide the discretization of the first-order time derivatives, we
consider the classical implicit Euler scheme and so, we use a uniform partition of
the time interval [0,T], denoted by 0 =ty < t; < ... < tx = T, with time step
k=T/N and nodes t,, = nk forn=0,1,...,N.

Hence, the fully discrete approximation of problem (19)-(21) is written as follows.

Find the discrete velocity v"* = {vhk N, C V" and the discrete temperature
ok = [OMRAN_C EM such that vf* = ol, 8% = 0k and, for all w" € V" and
rhe E" andn=1,... N,

p(0upt, W) + 7(8(op") e, i) + (U )y wity) + 1 (Vs wity)
(25) +B((07F) 2, wh) = p(Fin,w"),
(26) C((Wﬁkﬂ" ) + “((aﬁk)w’Tg) - 6((U2k)w7 ) - p(FQn’ )a

where we used the notations z, = z(¢,) and 6z, = (2, — z,—1)/k for a given

continuous function z(t) and for a sequence {2, }N_,, respectively. Moreover, the
discrete transverse displacement u"* and the thermal displacement o* are now

obtained as
n n
(27) uﬁkszU?k—Fug, aﬁkszH?k—Faé‘.
j=1 j=1

Applying the classical Lax Milgram lemma, we can easily deduce that problem
(25)-(27) admits a unique solution under the assumptions required in Section 2 on
the constitutive coefficients.

In the rest of this section, we will show the discrete stability and we will provide
an a priori error analysis and so, for the sake of simplicity in the calculations, we
assume that the supply terms F; and F5 vanish.

First, we will prove a discrete stability property. This is summarized in the
following result.

Lemma 4. If we assume that p, T, u, p*, ¢ and k are positive, then there exists a
positive constant C, which is independent of the discretization parameters h and k,
such that

lon*lle + lug"llv + 16551 + llaz* e < C forn=1,...,N,

where, here and in what follows, we denote by || - ||x the norm in the Hilbert space
X.

Proof. First, we take as a test function in equation (25) w" = v/"* to obtain

(50214’ Un, ) +7(6(v Zk)asa (Uzk)a:) + M((Uzk)mm (Uﬁk)m) + M*((Urhik)mv (Uzk)wz)
+ 8075 )a, (0%)2) = p(fns vn").

Taking into account that
{IloRk 12 = ol 112

(Il 2 = ks ). 12

{1 @BF)aall® = 1l o2},

(un",v*) =

n

e
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by using the Cauchy-Schwarz inequality and the Young’s inequality
(28) ab < ea® + lb2
— 46 )
it follows that

L {IBRI2 = ot 12} + = { @Rl = I@RE Dl ) + BUOR )z (v55),)
) ol = N a2} < € (14 I0BH1).

Now, we obtain the estimates for the discrete temperature. If we take as a test
function r* = 0% in discrete equation (26) we have

(29)

c(80,%, 00) + K((an)as (037)2) = B((vn" ), (015)2) = plsn, 07).

Keeping in mind that
2
(602", 02%) > ={ 108412 — 1025 |12},

2
((@h)a, 025)2) = = {I@l)a? = (k)2 12,
by using again the above inequalities we find that
a0 IO = 102512 + 5 (@) 2 = e ) 2
—B(VEN)a, (02F)2) < 1+ 03F|* ).

Combining estimates (29) and (30) it follows that
1

1
SR = oty 12} + o { Rl = IR )l }
1
T o T L R R
- 2 _ 2
+ o (@)l ~ ekt )e?)
<C(1+ [0l 1 + 164411%).
Multiplying these estimates by k and summing them until n, we find that

hk hk hk hk hk
o™ 7 + 11 (wn®)a 1 + [ un®aall® + 163512 + [ (0 )z |

n
<Ck Y (1 1012 + 102411%) + (e 1% + w13 + 16512 + lad 1% ).
j=1

and, applying a discrete version of Gronwall’s inequality (see, e.g., [5]) we conclude
the desired a priori stability estimates. O

Now, we provide an a priori error analysis in the rest of this section. The main
result is the following.

Theorem 5. Under the assumptions of Lemma 4, if we denote by (u,v,,0) the
solution to the wvariational problem (19)-(21) and by {ul* alk Hhk N the

n7n7 n=0

solution to the discrete variational problem (25)-(27), then we have the following a
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priori error estimates, for all {w"}N_; c V" and {rP}N_, C E",

g Lo VI + s = w4 10— 024 4 o — ol |

N
< k> (llveg = dvsll% + llueg = usl[3 + llog = w1 + 16,5 — 36,11
=1

ey = B[+ 110, = 1% ) + € max {lon w1 + 10, —r2I”}

kZ{HvJ w) = (U1 §+1>\\2+\|9jfr?fwmfr;mu?}
+c(||vo—v3||2+||uo—uo|\v+||eo—ehu2+||ao—aouE)

Proof. First, we obtain the error estimates on the velocity field. We subtract varia-
tional equation (19), at time t,,, and for a test function w = w” € V", and discrete
variational equation (25), and we obtain, for all wh € V",

(vt — 6, wh) 47 (Ve — 003F )y wi) + pl(un — ) o, W)
1t (0n = 03 )z, why) + B((0n = 3F)z, wit) = 0,
and so, it follows that, for all w" € V*,
(0 — 50, 1 — 1) + 7((v1 — S0, (0 — 01F))
+ 1((un = )y (00 = 03 ) )
+ 1 (0 = 03wy (V= 03" a0) + B0 = 035 )z, (0n — 03F)a)
=p(ven — 0V v, — W) + T((V — 601F) 4, (0, — W) L)
+ 1((un = up)aa, (00 — w")z0)
+ 10 (v = 03 )y (U = 0")z) + B((0n — 037)e, (v — w")2).
Keeping in mind that
{llon = 012 = flon— = o252},

{1 = VE5)all? = (w1 = o251 )a 2,
{11 = )2 = a1 =l )2},
(0n — 92k7 (vn — wh)fcz)a

p(dv, — SvPE v, — olk)

%

T((dvy, — évzk)m, (v, — vhk ))

n

v
| R=RAEle

N((un - uﬁk)m, (5un - 5U2k)m) >
((0n - 92”“).»“ (Un - wh)T) =

after several algebraic manipulations, by using Cauchy-Schwarz inequality and the
Young’s inequality (28) we find that, for all wh € V",

£ {lron = o1 = flonoy — 025,12}
+ o {100 = 02 = [l (wnmy — vBE )22
(ot = W)l = (o1 = )
+ B((0n — 92’“)90, (vn — 'U:llk)x)
SO(”vn - UZk”Q + [Jven — 5”nH2E + [Juen — 5un||\2/ + [lvn — wh”%/

(31) + 10 = 03517 + 1 (wn = un®)aal® + (Bvn —5vﬁkavn—wh))-
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Secondly, we derive the error estimates for the temperature. We subtract vari-
ational equation (20), at time t, and for a test function 7" € E" and discrete
variational equation (26), and we have, for all rh e Eb,

(Om — 500 ") + (0, — &fF)o,7l) = B((0n — 0}F)g,7]) = 0.
Thus, we find that,
(O — 601 0, — OMF) + K((an — )y, (0, — O7F),)
- ﬁ((vn - 'Uzk)au (en - sz)x)

=c(Opn — 60M% 0, — ™) + (0 — )0, (0, — 7))
- ﬂ((vn - Uzk)ah (en - Th)a:)'

Taking into account that

(80, — 802, 0, — 012°) > {116 — 02512 = -1 — 025,12
©2) = - {llan = alb)all? = (-1 = alt, ). 12},

k(o — ah ), (Ouy, — 6a

using again several times Cauchy-Schwarz inequality and the Young’s inequality
(28), it leads

C
5= { 116, eﬁ’“n? 161 — 012}

+ o {1 = @Bl = [l — ol )a)?}
~ B((va hk) (G-t
<C (1100 — 001> + laun — dan|E + 10 — 02
+ (o — 025l + 180 — 13
(32) + [l = aBF)o 2 + (0, — 00%, 6, — 1))

Combining estimates (31) and (32) we obtain, for all w" € V" and " € E",

%{nvn —vhk||2 Jon-1 = ol )12}
+ o {1 n = )l = |t — )l
+ 2l — mn? e (IR I o
+ 5 {16 - Wn? 161 = 85 11%}
- {lan = ol = (@t — a2}
gc(nvn —Wn? o lotn = 6vall + utn — Sunlf + llon — w[} + 16, — 04°|1
+ H( Zk)xx”z =+ (‘Svn - &’Zkavn - wh) + ||9tn - 59nH2 + Hatn - 50%”12'2
(o = 0hF)all? + 100 = 713 + len — ab)o |2 + (060, — 361*,0, = 1) ).
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Multiplying these estimates by k& and summing up to n we have, for all {wf i=0 C
V" and {T;L 7o C E",

lon = w12 + 1w = 03F)a I + [l (un — up) oo

+ 1100 = 037 + [l(en — ™)1

n
<Ck> (||Uj — 0P 4 v = 0| + llues — duyll3 + [lo; — w}l[3 + 1165 — 0712
j=1

+ 1(uj — uf®)eal® + (605 — 603", 0 — wh) + (1005 — 661> + llaw; — a7

+ 11wy = v )al® + 105 = 77 1% + g — afF)al® + (60; — 667", 6; — 7’?))

h h h h
+C(llvo = v§1% + lluo = wf I + 160 — 0512 + llaw — af %)

Finally, we take into account that

n

kZ(&vj - 51}?’“, vj — w?) = (v — V™ v, — wh) + (W} = vo,v1 — wh)

n

n—1

+ Z(’Uj — v?k,vj - w? — (vj41 — w?+1)),

kY (80; — 601%,0; — ) = (0, — O0%, 0, — 1)) + (04 — 00,01 — 1)

Jj=1
n—1

+) (0, = 00,0, =l — (0,01 — ),

j=1

applying again a discrete version of Gronwall’s inequality we deduce the desired a
priori error estimates. O

As a particular case of derivation of the convergence order, we obtain the lin-
ear convergence under suitable additional regularity conditions on the continuous
solution. So, we have the following.

Corollary 6. Let us assume that the solution to variational problem (19)-(21) has
the following additional regularity:

we H30,T; E) N H2(0,T; V)N CH([0,T]; H3(0, 1)),
a € H30,T:Y) N H2(0,T; E) N C([0,T); H2(0, ¢)).

Therefore, there exists a positive constant, which is independent of the discretization
parameters h and k, such that

Jmae Lo — o8l + [l — w4+ [0 — 2] + flan — ¥l } < C(h+ ).

7. Numerical results

In this section, we examine two academic cases: one to check if the accuracy of
the algorithm we propose is achieved numerically; and a second one to numerically
assert that the energy decays exponentially.

The finite element code to solve the problem was implemented using Matlab
and solved in a 3.40 GHz computer with 16 GB of RAM. A typical run with 200
elements and 1000 timesteps took about 1.5 seconds.
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TABLE 1. Numerical errors obtained for values of h and & (multi-
plied by 100).

hlk— [1x1072]5x103[1x103[1x10*[1x10°[5x10°[1x10°°
1x 10T [5.28093 | 5.28354 | 5.27856 | 5.27813 | 5.27806 | 5.27806 | 5.27805
5x 1077 [ 2.20091 | 2.18994 [ 2.18307 | 2.18254 | 2.18249 | 2.18249 | 2.18248
2x 1077 10.80629 | 0.77573 | 0.76027 | 0.75963 | 0.75958 | 0.75958 | 0.75957
1x10°2[0.43509 | 0.39174 | 0.36163 | 0.36067 | 0.36062 | 0.36061 | 0.36061
5x 107 [ 0.26236 | 0.21642 | 0.17757 | 0.17557 | 0.17549 | 0.17551 | 0.17548
2x 1073 10.16271 | 0.11426 | 0.07350 | 0.06836 | 0.07027 | 0.06831 | 0.06831
1x10°0.13260 | 0.08093 | 0.04170 | 0.04161 | 0.03415 | 0.03984 | 0.03415
2x107%10.22676 | 0.02269 | 0.03791 | 0.01431 | 0.01315 | 0.01940 | 0.00972

7.1. Numerical convergence. To be able to compare the numerical solution
with a known analytical solution, we use the supply terms introduced in the previous
section. Given the expression for the solution and the problem parameters, we
are able to manufacture some functions that will give such solution. Then, this
analytical solution is compared with the one obtained numerically leading to the
exact error, as described in the previous section. Repeating this process for several
timesteps and element sizes we achieve the convergence table. The problem was
run until a final time of T'= 0.5 was achieved.
For this case, we consider the following problem parameters:

{=1, p=5 71=1, pu=05 pu" =3 k=5 p=7 ¢=10.
We impose the following analytical solutions, for (z,t) € (0,1) x (0, 1),
u(z,t) = (1 —x)*2%e’, afx,t) =3(1—x)%2%,
that possess the required regularity at the boundary to be compatible with the
boundary conditions of the problem. In order to obtain the previous solution, the
expressions for the supply terms are the following, for (z,t) € (0,1) x (0, 1),
Fy(z,t) =662t (22 —2) — 252¢ (z — 1)? — 25222 ¢! + 396 2% ¢! (z — 1)?
—52%e! (x —1)° =378z (22 —2) + 132z ¢! (x —1)°,
Fy(z,t) =242 ' (22— 2) + 14422 ¢! (z — 1) —302% ¢! (x — 1)°
+ 48zt (z —1)°
Finally, the initial conditions were chosen to be compatible with the analytical

solution, they were obtained by evaluating the solution v and « at time ¢ = 0.
The numerical errors given by

s, {llve = oL+ s =l v+ 1160 = 05 + o — a1}

and obtained for different timesteps k and element sizes h are listed in Table 1. We
can see the convergence of the approximations when parameters h and k decrease
and that the error reduces linearly with both parameters. In order to clearly show
this effect, the main diagonal of the table is plotted in Figure 1.

7.2. Exponential decay. To check the exponential energy decay, we do not con-
sider for this section any source function and so, Fy(z,t) = Fa(x,t) = 0. This case
was solved with an element size of h = 0.01 and a timestep of k£ = 10~3 until a final
time of T' = 100 was reached; we checked that the mesh was sufficiently refined to
avoid affecting the results.
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FIGURE 1. Linear convergence of the algorithm. The numerical
error is plotted against the mesh size (h + k).

The initial conditions and data for this problem are

u(x) =a%(z) =5(1 —x)32® for all z € [0,1],
(=1, p=5 7=1, pu=05 u*" =10, k=1, =7, c=5.

In this case, we will focus on the behavior of the discrete energy. Following the
definition given in the continuous case, we consider that it has the expression:

1
B = 2 (Wl o |2 + plol2 + 7| @) P + sl (0l)a |2 + cll0¥)2).

The evolution of this discrete energy with time for that problem is shown in
Figure 2. The decay of the energy with time is clearly seen in the left figure. The
plot on the right shows the same energy plotted in a semilogarithmic scale; the
straight line after a short initial transient confirms that the decay is exponential,
as expected.

Energy (logarithmic)

0 10 20 30 40 50 60 70 80 90 100
t t

FIGURE 2. Evolution of the energy of the system without source
functions in natural (left) and semilogarithmic (right) scales.

8. Conclusions

In this paper, we have studied a thermoelastic problem involving a viscoelastic
beam where the heat conduction has been modeled by using the type II Green-
Naghdi theory. First, by using the theory of linear semigroups we have proved that
this problem has a unique solution and, taking into account the characterization of
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the exponentially stable semigroups, we have shown the exponential energy decay.
We have also obtained that the semigroup is not differentiable and the impossibility
of localization; that is, the unique solution which can vanish in an open (not empty)
set is the null solution. Secondly, we have provided a fully discrete approximation
by using the finite element method to approximate the spatial variable and the
implicit Euler scheme to discretize the time derivatives. Some properties as the
discrete stability and a priori error estimates have been proved, leading to the linear
convergence of the numerical scheme. Finally, we have presented some numerical
simulations to demonstrate the numerical convergence and the behavior of the
discrete energy.
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